Recent advances in applied physics and chemistry have led to the development of novel microfluidic systems. Microfluidic systems allow minute amounts of reagents to be processed using μm-scale channels and offer several advantages over conventional analytical devices for use in biological sciences: faster, more accurate and more reproducible analytical performance, reduced cell and reagent consumption, portability, and integration of functional components in a single chip. In this review, we introduce how microfluidics has been applied to biological sciences. We first present an overview of the fabrication of microfluidic systems and describe the distinct technologies available for biological research. We then present examples of microsystems used in biological sciences, focusing on applications in molecular and cellular biology.
INTRODUCTION
In less than a century, the field of biology has experienced several revolutions that have brought new knowledge and new technologies. With the latest development of "omics" technologies such as genomics, proteomics, and metabolomics, the amount of biological information available has increased dramatically, leading to a need for sensitive high-throughput experimentations (Betz et al., 2005; Hopkins and Groom, 2002; Page et al., 1999; Sleno and Emili, 2008) . However, conventional biological tools suffer from large reagent consumption, low throughput, and errors related to reagent transfer during experiments.
During the past decade, microfluidics has emerged as a potential platform for conducting cellular and molecular biological studies. By reducing conventional macroscale systems to microscale systems, microfluidics provides solutions to overcome the limitations of conventional experiments. From an experimental point of view, microfluidic technology requires lesser amounts of reagents, cells, and space than conventional methods. Moreover, microfluidics enables rapid analysis, highthroughput experimentation, and automation. From a biological point of view, microfluidics can partly reproduce in vivo-like molecular and physical microenvironments of cells and the 3D structure and organization of tissues or organs. From a technical point of view, the versatility of microfluidic systems allows distinct tools to be integrated on a single chip to reduce the errors related to reagent manipulation or to obtain multiple data points from a single experiment.
In this review, we first describe the technologies used to fabricate polydimethylsiloxane (PDMS) microfluidic chips and then present a succinct description of the existing microfluidic devices used in molecular and cellular biology.
BASIS OF MICROFLUIDICS

Soft-lithography-fabrication
In the 1980s and 1990s, microfluidics emerged as a promising tool for molecular biology (Regnier et al., 1999) . During that period, microfluidic chips were fabricated using mainly silicon, glass, or quartz substrates, which required trained technicians working in cleanroom facilities and therefore limited the application of this technology to chromatography and electrophoresis on chips. In the late 1990s, the introduction of polymer-based soft-lithography freed the microfabrication process from the cleanroom (Duffy et al., 1998) , facilitating the development of inexpensive microfluidic devices by almost any laboratory equipped with a traditional chemical fumehood. Currently, the most popular material used for fabricating microfluidic chips for biological applications is polydimethylsiloxane (PDMS), an elastomer that can be readily molded into microstructures and microchannels (Duffy et al., 1998) . The mechanical and physical properties of this polymer are highly advantageous for fabricating microfluidic devices: PDMS is transparent, biocompatible, and gas-permeable, which make it suitable for molecular andMultilayer soft-lithography for fabricating valve-based microfluidic systems Multilayer soft-lithography refers to the methodology developed by Quake's group and used to construct multilayer structures from multiple monolayers of PDMS, or any elastomer, each of which is cast separately from a specific mold (Unger et al., 2000) . As introduced previously, the PDMS pre-polymer is made of 2 components: the linear polymer and the curing agent. To fabricate multilayer devices, the bottom layer is prepared with an excess of one of the components (for example, the linear polymer), whereas the upper layer is prepared with an excess of the other component (in this example, the curing agent). The layers are cured separately and the upper layer is peeled off from its mold and placed atop the lower layer. Further curing causes the excess reactive molecules at the interface between the 2 layers to react and irreversibly bond the 2 layers. By repeating this process, supplementary layers can be easily added (Unger et al., 2000) . This is an easier method for fabricating multilayer devices than conventional micromachining.
Multilayer soft-lithography can be used to fabricate active valves and pumps. Valve are fabricated using a "crossedchannel architecture", in which the "control channel" that contains the valve structures is in one layer and crosses the "fluidic channel" that is in the other layer. The PDMS membrane between the 2 channels is engineered to be thin (typically 30-μm thick), and thus when pressure is applied to the control channel, the membrane deflects and closes the fluidic channel. To prevent incomplete closing of the valve, the shape of the flow channel is critical: round flow channels close completely whereas rectangular ones do not. Moreover, the width of the control channels can be varied without affecting the efficiency of the control valve, which depends on membrane dimensions. Thus, control channels can pass over multiple fluidic channels and actuate only the desired channels. Furthermore, each control channel can actuate multiple valves concurrently, and distinct control channels with dedicated pressure controllers can independently actuate distinct valves in the same device (Unger et al., 2000) . The valves control fluid flow in the channels and can be used to stop the flow, isolate a part of the device (to create microreactors), direct the flow, meter specific amounts of reagent, and create an integrated peristaltic pump (Fig. 1) .
MICROFLUIDICS FOR MOLECULAR BIOLOGY Microfluidics for genomics and transcriptomics
DNA sequencing
DNA sequencing is a crucial step in genomics. Although the Human Genome Project was completed almost 10 years ago (International Human Genome Sequencing Consortium, 2004) , DNA sequencing remains a key process in studies aimed at understanding numerous diseases and identifying potential drug targets (Kubinyi, 2003) . Various microfluidic devices for DNA sequencing have been successfully developed (Blazej et al., 2006; 2007; Fredlake et al., 2008; Kartalov and Quake, 2004) , including ones that use microfluidic approaches for Sanger sequencing (Aborn et al., 2005; Blazej et al., 2006; 2007; Fredlake et al., 2008; Kumagai et al., 2008) , which remains the most convenient technique for conventional de novo sequenc- ing of genomes. These devices integrate the 3 steps of the conventional sequencing protocol on a single chip: thermal cycling, sample purification, and capillary electrophoresis (CE). For example, Blazej et al. (2006) have developed a microfluidic bioprocessor for integrated nl-scale Sanger sequencing ( Fig.  2A) . The chip is composed of 250-nl reactors integrated with CE channels that capture and purify DNA. This chip enables complete Sanger sequencing of 556 continuous bases with 99% accuracy from merely 1 fmol of DNA template. When integrated with an inline-injection system, this chip allows the sequencing sample to be purified and the sample plug to be defined narrowly, which eliminates the excess amounts of sample required previously for cross-injected CE separations and thus facilitates microchip-based Sanger sequencing of 365 bases with 99% of accuracy from only 30 nl of sample containing just 100 amol of template (Blazej et al., 2007) . Although the sequencing length must be increased to reach the conventional Sanger sequencing level, these devices offer a proof-ofconcept that integrated microfluidic systems can be developed for DNA sequencing for future applications such as low-cost personal sequencing (Liu and Mathies, 2009) or for single-cell genome analysis (Kalisky and Quake, 2011) .
Nucleic acid amplification on a chip
Nucleic acid amplification techniques, such as polymerase chain reaction (PCR) and the recent isothermal amplifications, are essential in every biology-related field ranging from basic biology to drug discovery and food science (Diaz-Sanchez et al., 2013; Gill and Ghaemi, 2008; Stals et al., 2012) . For nucleic acid amplification, microfluidics offers numerous advantages when compared to conventional methods: reduced reagent consumption, lowered amplification times, increased analytical throughput, minimized risk of contamination, increased sensitivity, and integration. To design an optimal sample-in-answer-out gene analysis system, microfluidic PCR systems (or microPCR) have been developed using continuous-low (Kopp et al., 1998; Li et al., 2009 ) and droplet-based microreactors (Zhu et al., 2012) and valve-actuated PCR microchambers (Ottesen et al., 2006) . In 1998, Kopp et al. (1998) developed the first chip-based continuous-flow microPCR. The chip was composed of a 40-μm deep and 90-μm wide channel (etched in a Corning 0211 glass chip) that had a total length of 2.2 m. The single channel was passed repeatedly through 3 well-defined temperature zones that were maintained at 95°C, 77°C, and 60°C using thermostated copper blocks. The pattern defined the number of cycles performed per run through the chip. In this case, the device was designed to generate 20 cycles, each with a melting:annealing:extension time ratio of 4:4:9, and thus had a theoretical DNA-amplification factor of 2 20 . Using this chip, a 176-bp DNA fragment was amplified at flow rates ranging from 5.8-72.9 nl/s, which correspond to a PCR time of 18.7 min to 1.5 min.
More recently, chip-based PCR has been developed using droplet-based microfluidics, allowing millions of discrete amplification reactions to be performed within a few minutes from a single-copy of the template DNA (Zhu et al., 2012) . The use of droplet-based microfluidics prevents the channel walls from interacting with the polymerase and template DNA and thus eliminates the local binding of DNA or enzyme that leads to false results, improves reaction yield, and prevents cross contamination of samples. For example, Hindson et al. developed a high-throughput droplet digital PCR (ddPCR) system for quantifying DNA (Fig. 2B) (Hindson et al., 2011) . The system was able to process, concurrently, 20,000 PCR reactions from approximately 20 μl of sample/reagent mixture. The partitioning of the sample/reagent mixture provides orders of magnitude (Blazej et al., 2006) . (B) Device for high-throughput droplet digital PCR system. Samples are encapsulated in droplet (top) where PCR will be performed. After reaction, droplets are introduced into a microfluidic droplet reader (bottom) for analysis (Hindson et al., 2011) . (C) Multiplex digital PCR platform for single cell analysis in environmental sample for amplification of "All bacteria" 16S rDNA and termite cluster 16S rDNA (red fluorescence) and clone H FTHFS gene (green fluorescence) (Ottesen et al., 2006) . (D) Picture of a nanofluidic system containing three simultaneous parallel processors for DNA recovery (Hong et al., 2004) . (E) Microfluidic device for parallel gene synthesis. Photograph of the 4 parallel reactors. Left inlet, Close-up of the gene synthesis chamber (blue and green) and water jacket (yellow). Right inlet, Close up of a control channel (red) crossing fluidic channel (blue) (Kong et al., 2007) . (F) Top, Picture of a microfluidic system for proteomics. Bottom, Schematics of the experiments representing 3 channels of the device containing 3 different bacteria strains (Taniguchi et al., 2010) .
greater precision and sensitivity than real-time PCR, and thereby enables the accurate measurement of distinct copy number variations (CNVs) implicated in human diseases, the detection of rare alleles with a capacity to identify mutant DNA in the presence of a 100,000-fold excess of wild-type DNA, and the absolute quantitation of circulating fetal and maternal DNA in cell-free plasma. However, despite such advantages, this technique may not be widely applied in routine experiments because the droplets have to be harvested from a dropletgenerating cartridge and transferred to 96-well PCR plates for amplification, and then reintroduced into another microfluidic droplet-reader for analysis.
To overcome the limitations of conventional PCR in detecting the presence of a single pathogen, microfluidics has been integrated with PCR to increase sensitivity dramatically. An example of this technique was introduced by Ottesen et al. (2006) , who developed a microfluidic digital PCR platform for single-cell detection (Fig. 2C) (Ottesen et al., 2006) . The platform was composed of 1,176 distinct valve-actuated 6.25-nl reaction chambers that allowed 1,176 discrete PCR reactions to be performed. Unlike in the droplet-based method described previously, here the PCR reactions occurred in the chip placed on a conventional flat-block thermocycler, and 5′-nuclease probes were used to generate a fluorescent signal that was detected using a modified microarray scanner to monitor nucleic acid amplification. To design a sample-in-answer-out gene-analysis system, Cheong et al. (2008) developed a one-step real-time PCR method that integrated cell lysis and PCR on a single chip for detecting bacterial cells. In this device, Au nanorods were used to lyse the pathogens in the chip and then DNA was extracted from the cell lysate and amplified in the PCR chamber. Because reagents are not changed or removed during this entire process in such devises, the overall efficiency of the experiments is improved dramatically compared to conventional methods. Other lysis techniques have been integrated in microfluidic PCR systems using thermal (Privorot-skaya et al., 2010) , chemical (Grabski, 2009 ), physical (Di Carlo et al., 2003 Huh et al., 2007) , and electrical methods (Grahl and Markl, 1996) .
Because the PCR microfluidic chip uses small volumes, particular attention must be devoted to preventing reagent evaporation during the thermocycling step. One alternative is to use isothermal techniques for amplifying DNA/RNA samples, which do not require either high temperature or large temperature variations (Asiello and Baeumner, 2011; Craw and Balachandran, 2012) . Isothermal amplification techniques are inexpensive and not so labor-intensive as to prevent their use in routine experiments, making isothermal amplification techniques an excellent choice for detecting nucleic acids using microfluidics. Recently, we have developed a microfluidic chip in our laboratory for detecting pathogenic bacteria by using the isothermal real-time helicase-dependent amplification (HDA) technique (unpublished data). The chip is composed of a 16 × 24 array of nL-scale microchambers interconnected by channels and actuated with valves. Real-time HDA for single cell analysis can be performed in each discrete microchamber.
Sample preparation
Sample preparation is a critical step in achieving high sensitivity and specificity in PCR. Hong et al. (2004) have developed 2 distinct microfluidic nL-scale nucleic acid processors for DNA and mRNA purification. Each chip integrated 3 separate compartments to isolate and to lyse cells and to purify DNA or mRNA from lysates without pre-or post-treatment of the samples. For DNA purification, the chip was composed of 3 independent processors. In each processor, lysis buffer, dilution buffer, and Escherichia coli in culture medium were introduced into a metering section and then injected into a microfluidic mixer for the cells to be lysed. The lysate was then flushed over the DNA-affinity column, and the genomic DNA was recovered from the chip for PCR amplification. This methodology allows DNA recovery from a minute number of bacteria (< 28 bacteria), making this process 3-4 orders of magnitude more sensitive than conventional methods. For mRNA purification, magnetic beads bearing oligo-dT polymers were introduced into the separation chamber to form an affinity column; after cell lysis, the lysates were flushed over this affinity column and mRNA was recovered from the column for further analysis or amplification (Fig. 2D ).
Nucleic acid hybridization
Recently, various microfluidic DNA-based probes have been used with diverse measurement techniques including surface plasmon resonance imaging (Malic et al., 2011) , conductance impedance (Javanmard and Davis, 2011) , and fluorescence (Chen et al., 2008a) . Ben-Yoav et al. (2012) have developed a microfluidics-based electrochemical biochip containing an array of individually addressable 25-nl reaction chambers, which was fabricated using micro-electromechanical systems (MEMS) technology. Each chamber contains a grid of 3 × 3 sensors and each row of 3 sensors also contains a counter and a reference electrode to complete the 3-electrode system. Three unique single-stranded DNA (ssDNA, 30-mers) probes were functionalized onto patterned electrodes of the chip to detect cDNA hybridization events using electrochemical impedance spectroscopy analysis. This impedimetric biosensor-based technique is similar to whole-cell detection methods but uses ssDNA as biorecognition elements. This biosensor can detect ssDNA targets on the nM scale and with low cross-reactivity (13%).
DNA synthesis
The ability to produce synthetic genes offers a powerful tool for biological research fields such as genomics and transcriptomics and for small-molecule production. However, high costs currently hamper de novo synthesis of DNA constructs. Microfluidic oligonucleotide synthesis presents a less expensive alternative to conventional methods, requiring lower amounts of reagents than ml-scale macro-experiments.
A few proofs-of-concept for microfluidic DNA synthesis have been presented. For example, Kong et al. introduced a multichamber microfluidic system for synthesizing a 1-kb-long gene that uses low concentrations of oligonucleotides (as low as 10-25 nM) and 2 orders of magnitude less reagents than conventional approaches (Fig. 2E) (Kong et al., 2007) . More recently, a microfluidic device has been developed for synthesizing 16 oligonucleotides that can be assembled into a 200-bp long DNA construct . The device is a valve-integrated microfluidic system that enables individual sample manipulation and product collection. Moreover, the microfluidic system provides similar results as conventional methods at costs that are 2 orders of magnitude lower. Finally, by integrating selective amplification of oligonucleotide pools, optimized gene assembly, and enzymatic error correction for highly parallel gene synthesis, Kosuri et al. were able to synthesize 35 kb of DNA encoding 47 genes from a complex background containing 13,000 oligonucleotides (Kosuri et al., 2010) .
Proteomics
Identifying all cellular proteins is of major interest to researchers in numerous biology-related fields such as drug discovery or pathogen detection (Hopkins and Groom, 2002; Yan, 2010) . However, proteins are often present in extremely low copy numbers in the cell, which makes detecting the proteins in single-cell analysis challenging (Blake et al., 2003; Cai et al., 2006; Elowitz et al., 2002; Rosenfeld et al., 2005) . Microfluidic reactors have been developed to analyze proteins from multiple or single cells (Hellmich et al., 2005; Hong et al., 2004; Ottesen et al., 2006; Thorsen et al., 2002) . For example, Taniguchi et al. have developed an automated imaging platform based on a microfluidic system to quantify the E. coli proteome and transcriptome with single-molecule sensitivity in single cells. (Taniguchi et al., 2010) The PDMS chip, shown in Fig. 2F , was composed of 96 independent channels designed to hold 96 distinct cell samples in parallel channels, each channel measuring 150 μm (width) × 10 mm (length) × 25 μm (height). The channels were pre-coated with poly-L-lysine to immobilize bacteria within the microchannels . Cells were then injected into the channels and incubated to ensure stable binding to the channel surface as a monolayer of cells. The test used 1018 strains of an E. coli yellow fluorescent protein fusion bank, and revealed concurrently, in single cells, the spatial (nucleus, cytoplasm, membrane) and quantitative expressions of specific proteins or mRNAs at a single-molecule level.
Flow cytometry is another technique for measuring protein expression that is commonly used to count microscopic elements (Nolan and Sklar, 1998) . Recently, microfluidic devices have been developed for flow cytometry (Schrum et al., 1999) to measure antibody staining and transfection efficiency of green fluorescent protein and to characterize cells (Chan et al., 2003; Preckel, 2002) . For example, a commercial lab-on-a-chip device (2100 Agilent Bioanalyzer, Agilent Technologies GmbH) has been used to analyze protein expression in primary cells (Chan et al., 2003) . In this device made of glass and plastic, a buffer channel is connected to a sample channel to align cells in a stream for analysis in the detection area, which can detect 2 distinct fluorescent colors. Protein profiling and apoptosis measurement can be performed with this chip on mammalian cells, both non-adherent (lymphocytes) and adherent (human umbilical vein endothelial cells (HUVECs) and normal human dermal fibroblasts).
Metabolomics
Metabolomics has attracted considerable attention of researchers recently (Lindon et al., 2007; Morris and Watkins, 2005) . Metabolomics is concerned primarily with characterizing smallmolecule metabolites, which are intermediates or products of metabolism, and focuses on their physiological effects (Wishart, 2008) such as the regulation of gene expression, cell signaling, cell-cell communication, and cellular differentiation. Conventionally, the metabolome is studied using spectroscopy-based techniques such as nuclear magnetic resonance (NMR) spectroscopy (Griffin, 2003) and mass spectrometry (MS) (Werner et al., 2008a; . These techniques are coupled to highresolution separation-chromatography techniques that can detect many distinct metabolites in a single sample (Kraly et al., 2009 ), such as liquid chromatography (LC) (Porter et al., 2006) and gas chromatography (GC) (Phelps et al., 2002) . Quantifying (Hamon et al., 2013). metabolites in vivo under physiological and dynamic conditions is extremely challenging because of the low concentration of the metabolites, their high turn-over rates, and their chemical diversity. Microfluidics can help overcome these challenges because in microfluidics samples are treated and analyzed at high spatial and temporal resolution. Many microfluidic studies or devices have been developed for metabolomics, but they still remain at the proof-of-concept level and have been rarely applied to metabolomic analysis. To date, devices have been developed to perform NMR and high-per-formance LC (HPLC) ) coupled to MS (Bai et al., 2010) , but no integrated microfluidic system exists that allows the culture of cells and the analysis of their metabolism on a single chip.
MICROFLUIDICS FOR CELLULAR BIOLOGY
Cell culture
In 1907, Ross Harrison presented his findings on the growth of nerve fibers in vitro and introduced the first reproducible technique for culturing cells for experimentation (Harrison, 1906) . From Harrison's simple experiments, cell culture evolved to become the principal tool for research in cell biology and associated fields including drug discovery, bioengineering, and biomedical engineering. In conventional cultures, cells are maintained in a static environment with defined physicochemical properties (temperature, pH, O 2 and CO 2 concentration, surface treatment, and culture medium composition). However, conventional culture technologies may be insufficient for overcoming various challenges in cell biology such as high-throughput screening, controlling cellular microenvironment, and single-cell analysis. Diverse cell-culture technologies have been developed to establish high-throughput platforms, to control the cellu-lar microenvironment better, and for cellular analysis (Du et al., 2006; Fan et al., 1995; Hung et al., 2005; Khetani and Bhatia, 2008; Kostov et al., 2001; Maffia et al., 1999; Sorrell et al., 2007; Sundberg, 2000) . In the development of these technologies, substantial research effort has been devoted to designing microfluidic cell-culture systems (Bauer et al., 2010; GomezSjoberg et al., 2007; Meyvantsson and Beebe, 2008; Park et al., 2010; Whitesides, 2006; Zhang and Noort, 2011) .
For culturing cells in a microfluidic environment, principles from multiple fields including biology, physics, and engineering must be understood. The design of a microchamber for cell culture in a microfluidic system must consider parameters ranging from the choice of material for device fabrication to the geometry of the culture region.
Material The most popular material used in microfluidics is PDMS because of its numerous physical and practical properties. PDMS is inexpensive and easy to mold, making it ideal for rapid prototyping of microfluidic designs, and PDMS is biocompatible, gas permeable, and transparent, and has low autofluorescence, which make it particularly suitable for use in cell cultures. Although a few recent reports have revealed certain unfavorable characteristic of PDMS (such as sequestration of small hydrophilic molecules and binding of cell membranes by un-cross-linked polymer released from devices) (Regehr et al., 2009 ) that can affect cell growth and metabolism (Paguirigan and Beebe, 2009) , PDMS is likely to remain an affordable rapid-prototyping option for most research laboratories, and will likely be used in association with other materials such as polystyrene, glass, or hydrogels.
Geometry Microchamber geometry is a key factor to consider during chip design. The geometry will determine the amount of culture medium available for the cell culture (the effective culture volume) and the time between each culture-medium exchange (the effective culture time). The simplest culture-chamber design is the microfluidic channel, in which cells adhere to the surface and grow as a monolayer at the bottom of the channel. In this system, culture medium is provided continuously to the cell, constantly renewing the nutrients and removing cellular wastes. However, the stream of fluidic flow generates mechanical stress that can detach cells or influence their behavior (Tilles et al., 2001) . To protect cells against the detrimental effects of hydrodynamic shear, walls or barriers have been integrated between the flow and the cells (Hung et al., 2005) . For example, Lee et al. (2006) introduced a microchamber Cshaped structure that trapped cells and protected them from the flow of the culture medium (Fig. 3A ) while nutrients were provided to the cells through a 2-μm opening at the bottom of the structure. Lee et al. (2007) have developed a microporous perfusion barrier that consists of a grid of microchannels 5-μm wide and 2-μm tall to separate cells from the stream of culture medium while providing nutrients to the cells (Fig. 3B) . Shearsensitive hepatocytes (Ledezma et al., 1999; Yuki et al., 2006) were introduced into this system and they remained viable and functional for the 1-wk culture time. Fabricating micro-wells integrated in a microchannel is another method for shielding cells from direct convective flow (Lecault et al., 2011; Powers et al., 2002) . In this configuration, the flow velocity is reduced, with minimal values being near the bottom of the chambers, as a result of the volume expansion from the flow channels to the culture chambers (Lecault et al., 2011) . To accurately control the flow velocity of the culture medium delivered to the cell, Gomez-Sjoberg et al. (2007) have integrated an on-chip peristaltic pump at the root of their cell-culture chip. The micropump is composed of 3 valves in series and can inject precise doses of culture media or other reagents at a controlled flow speed into each of the 96 culture chambers; the number of actuation cycles applied to the pump valves controls the dosage, and the frequency at which the valves are switched controls the flow speed. Although all these systems have been applied successfully to cell cultures in microfluidic environments, they required complex designs, microfabrication processes, or substantial amounts of culture medium (Fig. 3C) . Recently, we have introduced a simple cell-culture system composed of open-well microchambers, which is represented in Fig. 3D (Hamon et al., 2013) . The microchambers were designed to provide sufficient culture medium to hundreds of cells for several days of experiments without renewing culture medium, and thus without subjecting cells to flow stream. Furthermore, we designed the microchamber to introduce cells directly from the top of the open micro-wells, which makes our system accessible to biologists without specific training in microfluidics.
Cellular environment
Cellular phenotype is governed by 4 distinct factors that direct cell fate, differentiation, and function: chemical factors (e.g., glucose, growth factors, toxins, drugs), physical factors (e.g., temperature, 3D organization, shear stress), cell-cell interactions (e.g., heterotypic or homotypic interactions, cell-cell contact, paracrine communication), and cell-extracellular matrix (ECM) interaction (e.g., collagen type, RDG peptide). In conventional cultures, these parameters are applied to entire cell populations but cannot be applied, observed, and analyzed at the singlecell level. Microfluidics can control the environment both spatially and temporally at the cell level and has been developed successfully to study various cellular behaviors and phenotypes including cell growth (Gomez-Sjoberg et al., 2007) , differentiation (Tourovskaia et al., 2004) , signal transduction (Liedert et al., 2006) , protein secretion and transport (Huang et al., 2004) , gene expression (Toriello et al., 2008) , cell and ECM behaviors (Tan and Desai, 2003) , and cytoskeletal dynamics (Fletcher and Mullins, 2010) . In this section, we describe various devices used currently to control the microenvironment of the cell.
Chemical factors
Controlling the chemical microenvironment is one of the main applications of microfluidics, which can be used to reproduce chemical gradients that are involved in vivo in various biological processes such as cellular chemotaxis (Abhyankar et al., 2006; Li Jeon et al., 2002; Lin et al., 2005; Mao et al., 2003; and migration (Barkefors et al., 2008; Irimia et al., 2006b) , differentiation (Chung et al., 2005) , gene regulation (Paliwal et al., 2007) , and pathology (Walker et al., 2004) . Diverse devices have been developed for generating gradients in microfluidic chips, including T-sensor-based devices, premixer gradient generators, and "Universal" gradient generators.
A simple method for generating gradients in a microfluidic system is to use the diffusion properties of 2 parallel laminar flows. At a constant flow rate, the shape concentration gradient will remain constant in the channel. T-sensor devices, which have the simplest design among gradient generators, are composed of 2 or more channels that join in a T-shaped configuration, into a single channel where the gradient is formed (Kamholz et al., 1999) .
From T-sensor-based devices, more complex systems have been developed to generate more complex gradients (Cooksey et al., 2009; Dertinger et al., 2001; Irimia et al., 2006a) . These systems, referred to as premixer gradient generators, have been used in studies of cell chemotaxis (Li Jeon et al., 2002; Lin et al., 2005; Mao et al., 2003; Wang et al., 2004) , migration (Barkefors et al., 2008) , and differentiation (Chung et al., 2005) . For example, Chung et al. (2005) described a gradient-generating microfluidic platform for optimizing the proliferation and differentiation of cells in a laminar-flow-based microfluidic system; the device contains a gradient generator that generates a gradient of growth factors (GFs) in a cell-culture chamber. Human neural stem cells (hNSCs) were cultured for more than 1 wk in the microfluidic device, and the cells were exposed constantly to a continuous gradient of a GF mixture composed of epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2), and platelet-derived growth factor (PDGF). During the culture, hNSCs proliferated and differentiated into astrocytes in proportions that varied with the concentrations of the GFs. These results were similar to results obtained in parallel conventional cultures prepared in 6-well plates. More recently, Sugiura et al. (2010) presented a premixer gradient generatorbased system that generated a logarithmic-scale concentration gradient over 6 orders of magnitudes. The chip was composed of a serial-dilution microfluidic network for generating the concentration gradient, which was connected to an array of cellculture microchambers, where cell assays were performed. The "Universal" gradient generator (Irimia et al., 2006a ) is another device derived from the T-sensor. In the mixing channel, a series of physical walls controls the orthogonal diffusion of chemicals between adjacently flows. By controlling the location of the dividing walls, gradients with distinct profiles can be generated (Irimia et al., 2006) to apply to cells.
The continuous perfusion of culture medium in the cell chamber is a great advantage because it renews the culture medium constantly, providing fresh nutrients to the cells while flushing away waste products. However, the flow generates shear stress that can change cellular behavior (Diao et al., 2006; Keenan and Folch, 2008) and remove autocrine and paracrine factors secreted by cells (Keenan and Folch, 2008) .
One solution for limiting the influence of fluidic flow on cells and the cellular microenvironment is to separate the cells from the flow by using a barrier that allows passive diffusion of biomolecules. For this purpose, various systems have been developed that include barriers made from hydrogels (Mosadegh et al., 2007; Saadi et al., 2007; Wu et al., 2006) , nanoporous membranes (Abhyankar et al., 2006) , and microchannels (Saadi et al., 2007) . These systems can prevent shear stress generated by flow, retain the autocrine/paracrine signals in the cellular microenvironment, and be integrated with the gradient generator (Hung et al., 2005) . Furthermore, these systems use small amounts of reagents and facilitate experiments on non-adherent cells such as yeasts (Paliwal et al., 2007) .
Droplet-based microfluidic approaches offer several advantages that can be exploited while testing for the influence of chemical factors on cells: high-throughput screening, low sample volumes , and single-cell analysis (He et al., 2005; Teh et al., 2008) . In 2009, Brouzes et al. (2009) developed a droplet-based microfluidic system for encapsulating single mammalian cells and reagents and for high-throughput cytotoxicity screening. Three separate chips were used, one each for generating drug libraries, merging, and assaying. First, an optically labeled library of drugs was generated on the library-generation chip. Next, each drug-library droplet was combined with a cell-containing droplet on the merging chip and the combined droplets were incubated. After incubation, the combined droplets were introduced into the assay chip to determine whether the cells were alive or dead. The treated-cell droplets were merged with fluorescent-dye droplets by using a fusion module. Inside each droplet, the dye was mixed with the cells while passing through a mixing module. The droplet passed through a 15-min delay line for optimizing the incubation of the cells with the live/dead-marking fluorescent dyes. Finally, fluorescent signals were detected in a detection module. The advantages of using valve-based microfluidics to study the effects of chemical factors on cells are the following: prevention of cross-contamination (by isolating each cell chamber from the rest of the system), rapid mixing, and controlled formation of accurate, non-linear, and wide concentration gradients. In conventional experimentation, concentration gradients are generated using a series of dilutions usually by pipetting, which may affect the precision of each step of the dilution process. Addition of each small imprecision may lead to results that do not accurately represent the true potential of the chemical factors being tested (Behringer, 1989) . To develop an error-free system, Hong's group recently introduced a microfluidic system that can generate accurate logarithmic-scale concentration gradients (Fig. 4A ) (Yun et al., 2011) and integrated this system with open-well microchambers for cell culture and dose-response assays (Hamon et al., 2013) . The chip comprised 3 gradient generators (GG). Each GG was composed of 4 microreactors, and each microreactor contained a metering section, a mixing section, and an open-well microchamber. In the metering section, valves from the control layer were used to control the mixing ratio of the 2 reagents. The valves were positioned along channels at specific distances, which allowed a precise volume of liquid to be contained in the channels. By controlling the placement of 3 valves along a channel, it was possible to recreate a mixing ratio (Jambovane et al., 2009; Yun et al., 2011) . In each GG, the metering section was designed to obtain final concentrations that were 75%, 50%, 25%, and 10% of the concentration of the solution introduced originally. For example, by introducing 10× inhibitor and 1× working buffer into a GG, concentrations that were 1×, 2.5×, 5×, and 7.5× of the original could be obtained. Similarly, by introducing 10× inhibitor into the first GG, 100× into the second GG, and 1,000× into the third GG, effective concentrations could be obtained that were 1×, 2.5×, 5×, 7.5×, 10×, 25×, 50×, 75×, 100×, 250×, 500×, and 750× of the original and included "0" for the negative control and 1,000× for the positive control. In the mixing section, valves were used to create a peristaltic pump. Three valves were positioned closely, in parallel, along the mixing chamber. By opening and closing the valves sequentially, a flow was generated in the channel and the 2 reagents were mixed. The mixed chemicals were then injected into the micro-well chambers, resulting in further dilution of the solutions. Each microchamber was isolated from the rest of the system by 4 distinct valves. Using this chip, the researchers demonstrated the possibility of creating a logarithmic concentration gradient and the possibility of conducting cell-based assays for determining the IC 50 values of 3 cytotoxic agents. These IC 50 values were comparable to those obtained using conventional methods.
Physical factors
Cellular phenotypes have been shown to be directly related to the mechanical environment of cells. Confinement, shear stress, and temperature are physical factors that influence cellular behaviors including growth, differentiation, gene expression, metabolism, and death. Microfluidic systems can help elucidate the physical factors that affect the behavior of cells: the flexibility of the fabrication process and device actuation allows physical parameters such as channel size, flow speed, and stream temperature to be controlled.
Shear stress Shear stress is a critical factor that affects the physiology and pathophysiology of vascularized tissues (Cunningham and Gotlieb, 2005) . Understanding the influence of shear stress on cells is crucial for both in vivo studies and in vitro bioengineering (Imberti et al., 2002; Jain et al., 2005) . Conventionally, cell responses to flow streams are studied in systems derived from the parallel-plate chamber first developed by Frangos et al. (1988) . These systems were successfully used to study the influence of fluid flow on endothelial cell (EC) functions in vitro (Malek Am, 1999; Resnick et al., 2003) . However, the systems consume large amounts of reagent and do not entirely mimic the in vivo environment because they do not present the geometry of in vivo microvascular structures. Microfluidics is an attractive alternative to conventional methods because it consumes lesser amounts of reagents and can control fluid flow in the cellular microenvironment (Gu et al., 2004; Unger et al., 2000) . Various devices have been developed to control the shear stress applied on cells to mimic the in vivo microenvironment or to study the influence of shear stress on cellular behavior (Khan and Sefton, 2011; Mack et al., 2009; Vickerman et al., 2008) . For example, Mack et al. (2009) used a microfluidic chip to demonstrate that collateral flow regulates EC gene-expression profiles and endothelium-derived paracrine signaling that affect vascular events critical for adaptive remodeling, particularly the migration of smooth muscle cells (SMCs); these findings revealed the control by biomechanical forces of cellular phenotype and cell-cell interactions. The chip had 2 independent microchannels separated by a 3D region filled with a hydrogel scaffold. First, a type I collagen scaffold was injected into the 3D region, and then SMCs and ECs were introduced into their respective channels (smooth-muscle channel and endothelial channel). Next, when distinct collateral waveforms were applied to ECs, dissimilar gene-expression profiles and phenotypes were observed. Factors generated by the ECs were transported by passive diffusion across the scaffold, where they stimulated SMC migration. The configuration of this chip (i.e., 2 independent microchannels separated by a gel/scaffold compartment) has been used often to control (Vickerman et al., 2008) or study ) the influence of shear stress on cultured cells, with microfluidics allowing the flow to be controlled precisely in the channels as well as across the gel compartment (Song and Munn, 2011) .
Confinement
The cellular microenvironment in vivo is a confined space where cells live, proliferate, and move. This confined environment is challenging to recreate in conventional cell cultures and is often limited to studies on cells in 3D collagen gels. By contrast, artificial confinement can be achieved readily using microfluidic systems to study the impact of confinement on cell structure (Minc et al., 2009; Takeuchi et al., 2005) and behavior (Irimia and Toner, 2009; Tse et al., 2012) . Moreover, microchannels can be used to reproduce the physical confinement encountered by cells in vivo during migration through the extracellular matrix (Friedl and Alexander, 2011; Huang et al., 2013) . Microfluidic platforms for studying cell motility have been reported in several studies (Faure-Andre et al., 2008; Friedl and Alexander, 2011; Heuzé et al., 2011; Irimia and Toner, 2009; Tse et al., 2012) . For example, Faure-Andre et al. designed a simple microfluidic chip to study the regulation of dendritic cell (DC) migration (Faure-Andre et al., 2008) . The researchers observed the migration patterns of wild-type DCs and CD74-deficient DCs in 4-μm width parallel, fibronectin-coated microchannels and demonstrated the importance of CD74 in controlling the cell-migration mode. Irimia and Toner (2009) have developed microfluidic devices that mechanically constrain migrating cancer cells inside microchannels that have a cross-section comparable to the cell size. Interestingly, cell migration was observed in the absence of external chemical gradients, suggesting that mechanical confinement regulated the control of cell motility.
Temperature Temperature is a key parameter that influences many aspects of cell biology. Because microfluidic systems use small volumes, these systems have enormous potential for application in temperature-based biological studies. We previously described technologies in which integrated thermostated copper electrodes were used for spatiotemporal control of on-chip temperatures (Kopp et al., 1998) . However, because the electrodes were not transparent, this technology is not suitable for cell-related studies. One simple solution is to perfuse temperature-controlled liquid into the microfluidic device. Two distinct laminar-flow-based systems have been developed to control temperature in microchannels. The first system uses microfluidic laminar flow to create temperature disparities by flowing 2 converging aqueous streams, each at a controlled temperature, in the microchannel (Lucchetta et al., 2005; Pearce et al., 2005) . Lucchetta et al. (2005) applied this approach to investigate Drosophila embryologic development. The researchers trapped a live embryo in the cross-section of a T-sensorbased microfluidic device and submitted the 2 sides of the embryo to distinct temperatures (Fig. 4B) ; the results obtained demonstrated that the developmental rate of each half of the embryo depended on the temperature. The second system uses a 2-layer microfluidic device. The temperature on the chip is controlled by flowing water through a 0.3-mm-deep and 1.4-mmwide channel in the top layer, above the array of channels and cell chambers. Velve Casquillas et al. (2010) used a similar system in which temperature could be switched reversibly between 5°C and 45°C in less than 10 s and sinusoidal shifts between the 2 temperatures could be generated at a rate of 1 shift/min. By controlling the temperature within the cell chamber, the researchers could control cytoskeletal dynamics and activate or deactivate temperature-sensitive gene in yeast (Velve Casquillas et al., 2010) .
Cell-cell interaction
Intercellular communications across heterotypic cell-cell junctions or through paracrine signaling mechanisms are essential for responding to stimuli and determining and adjusting cellular phenotypes. Numerous studies have demonstrated the key roles played by intercellular communications in applications of cellular biology such as tissue engineering, cancer therapy, and regenerative medicine using stem cells. Despite the importance of intercellular communications, these complex processes remain incompletely understood because conventional cocultures in dishes and artificially manipulated cell patterns only provide general information on cell populations and cannot isolate specific signals among mixtures of multiple, time-variable signals. Microfluidics offers the possibility to downsize the cell population and thus focus on cellular interactions at the single-cell level. The ability to perform high-throughput screening on a single chip is also critical for obtaining a clear understanding of genotypic and phenotypic variation among similar cell type. Several microfluidic devices have been developed to study cellular communication Huang et al., 2009; Mao et al., 2013; Okuyama et al., 2010; van der Meer et al., 2013) , but only a few have focused on specific homotypic or heterotypic cell-cell interactions (i.e., direct interactions between cell surfaces) (Huang et al., 2009; Okuyama et al., 2010; van der Meer et al., 2013) . Most of the microfluidic systems are composed of 2 channels, one for each cell type, separated by a gel channel or intervening gel, usually filled with type-1 collagen gel Huang et al., 2009; Sudo et al., 2009) . Paracrine communication generally initiates the migration of one of the cell types through the gel channel to reach and interact with the other cell type in the second channel. Sudo et al. applied this system to liver cell cultures ). When cultured under interstitial flow, hepatocytes formed 3D tissue-like structures, with cell-cell cohesion apparently being enhanced by the interstitial flow. When hepatocytes and ECs were cocultured in the microfluidic chip, the ECs formed 3D capillary-like structures that migrated across the gel to the hepatocyte compartment. However, although heterotypic cell-cell interactions occurred in this device, robust outgrowths of hepatocytes toward the ECs were not observed. Nevertheless, these results demonstrated the possibility of using microfluidics to study homotypic and heterotypic cell-cell interactions (Fig. 4C) .
Cell-extracellular matrix interaction
Elucidating the properties of the ECM surrounding the cell is critical for understanding the role of the microenvironment on cell fate (Flaim et al., 2005) because ECM composition and physical features directly influence a range of cellular processses including cell life/death, differentiation, shape, polarization, and motility (Chen et al., 1997; Discher et al., 2005; Engler et al., 2006; McBeath et al., 2004; Pelham and Wang, 1997; Prager-Khoutorsky et al., 2011; Selhuber-Unkel et al., 2010; Trappmann et al., 2012; Watt et al., 1988) .
Conventional cell-ECM interaction studies involve absorbing purified matrix proteins on cell-culture substrates. However, determining the role of the ECM and ECM concentration (McCarthy and Furcht, 1984; McCarthy et al., 1983; 1985) on cellular behavior, such as in haptotaxis studies, through conventional methods is hindered by the large amount of molecules required for each experiment, the insufficient availability of certain ECM molecules, and the difficulty to generate consistent gradients of ECM molecules over distances required for biological studies (a few 100 μm) (Dertinger et al., 2001; Flaim et al., 2005) . Laminar-flow microfluidics can be employed to easily generate a linear gradient using small amounts of molecules, and thus this approach appears to be an attractive alternative to conventional methods for conducting studies on specific cell-ECM interactions Gunawan et al., 2006) . Dertinger et al. (2002) were the first to use microfluidics for haptotaxis studies. The PDMS device shown in the Fig. 4D was designed to generate and coat concentration gradients of laminin and bovine serum albumin (BSA) in a single channel. The linear-gradient generator was based on a previous design from the Whiteside group: a T-sensor-based network with 2 inlets (one for BSA, the other for laminin) was used. Between each dilution step, 55-μm-long serpentine channels mixed all streams at a flow rate of 1 mm/s, which was sufficient to ensure complete diffusive mixing of ECM proteins. The 5 streams, each carrying distinct concentrations of laminin and BSA, were combined in a single channel to form a gradient perpendicular to the direction of the flow. After absorbing the gradients on the channel walls, the microfluidic device was sealed, inverted, and placed in a culture dish, and cells were then cultured on the floor of the channel in the region where the gradient had formed. Rat hippocampal neurons were cultured on these substrate-bound gradients, and analysis showed that the surface density of laminin oriented axon specification. More recently, Hsu et al. (2005) have developed a simple microfluidic device to investigate the interactions between haptotaxis and shear stress during EC migration. A microfluidic chip was patterned with type-1 collagen and, after patterning, the device was removed and the entire substrate was coated with collagen, resulting in the formation of step changes in collagen density. Because of haptotaxis, ECs migrated into the area with a high density of collagen. To study the influence of shear stress, a parallel flow chamber was used to generate a flow perpendicular to the collagen strips, and various levels of fluid shear stress were applied on the ECs. The results obtained using this system suggested that shear stress beyond a certain threshold can overcome the influence of haptotaxis and predominantly direct EC migration.
Cell separation and detection
The isolation of pure populations of cells is critical in diverse biological applications such as biological research (Choi et al., 2009; El-Ali et al., 2006; Roda et al., 2009) , diagnostics Toner and Irimia, 2005; Villanueva et al., 2006) , pathogen detection (Cheng et al., 2007; Gagnon and Chang, 2005; Tan et al., 2011; , and therapeutics (Sethu et al., 2006) . Flow cytometry, fluorescence-activated cell sorting (FACS), magnetic-activated cell sorting (MACS), and centrifugation are common conventional methods used for detecting cell separation. However, these techniques are expensive, require trained personnel, and can alter cell functions (Kumar and Bhardwaj, 2008) . Microfluidics presents several characteristics that make it a suitable technique for isolating cells of interest: small sample volumes, low cost, integration with analytical techniques, and portability (Boedicker et al., 2008; Boehm et al., 2007; Petersen et al., 2002; Qiu et al., 2009; Wu et al., 2005; Yi et al., 2006) . Several concepts based on microfluidics have been developed over the past 10 years for cell isolation, separation, and detection (Autebert et al., 2012) . These systems can be classified arbitrarily into 2 categories: systems based on the biomolecular properties of cells (presence of specific surface antigens), or affinity-based techniques; and systems on the physical properties of cells (such as size, deformability, and density), or label-free techniques.
Affinity-based techniques
A common approach used to isolate specific cells is based on recognizing specific cell-surface markers. This approach is similar to the one used to develop conventional, non-microfluidic techniques such as flow cytometry-based techniques (FACS) (Crosland-Taylor, 1953) or MACS (Molday et al., 1977) .
Fluorescence-based cell detection Fluorescence-based cell detection methods such as flow cytometry present several advantages when compared with other techniques, including sensitivity, multicolor detection for concurrent detection of multiple cell types, stability, low hazard, availability, and low cost (Van Rood et al., 1976; Zhao et al., 1992) . Recently, Yamaguchi et al. (2011) developed a simplified and rapid on-chip method in which a microfluidic cytometry device was used for rapidly quantifying bacteria such as E. coli in water. The chip had 4 parts: a T-shaped introduction section, a mixing channel, an alignment part, and a detecting part. Samples and fluorescently labeled antibodies against E. coli O157:H7 were injected into the T-shaped introduction section; bacterial cells from the sample were stained with the fluorescent antibodies in the mixing channel; the cells were then aligned by injecting a sheath fluid (PBS) into the main stream through 2 microchannels; and the fluorescently stained cells were detected in the detecting part. The researchers demonstrated that this simple fluorescencebased technique is capable of detecting a small number of bacterial cells (10 4 cells/ml). Although this system's sensitivity does not differ substantially from that of conventional epifluorescence microscopy (EFM), using microfluidics presents several advantages over EFM: the microfluidics method is simpler because pretreatment apparatus is not required; the method is rapid and results can be obtained in 1 h; and the method can be integrated with small light sources such as light-emitting diodes (LEDs) for on-site analysis.
Impedimetric biosensor Impedimetric biosensors have been used for concentrating and detecting microorganisms present in food and water. These biosensors rely on the insulating properties of bacterial cell membranes. Impedimetric biosensors are composed of a solid electrode to which cells attach through
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specific or non-specific adsorption (Fig. 5 ) (Varshney and Li, 2009) . After attaching to the electrode, the natural capacitance and resistance of the cell membrane (Pethig, 1979) affect the current that reaches the electrode. The adsorption of bacteria on the electrodes is thus revealed through detecting changes in the electrical properties of the electrode (Berggren et al., 1998; Mirsky et al., 1998; Sadik et al., 2009; Towe and Pizziconi, 1997) .
To improve the sensitivity these biosensors, microelectrodes have been developed that allow low Ohmic drop, quick establishment of steady-state, rapid reaction kinetics, increased signal-to-noise ratio (Amatore et al., 1983; Ciszkowska and Stojek, 1999; Maruyama et al., 2006) , and integration into microfluidic systems (Bayoudh et al., 2008; Boehm et al., 2007; Gottschamel et al., 2009; Liu et al., 2007; Mernier et al., 2010; Richter et al., 2007; Yu et al., 2009; Zaytseva et al., 2005; Zhu et al., 2010) . Integration in microfluidic systems offers various advantages over impedance macrosystems (Deng et al., 1996) : increased detection sensitivity, quicker response, and lower reagent consumption (Tan et al., 2011; . For absorbing specific cells on the surface of the electrodes, the electrode surface must be functionalized with bio-recognition elements (or bioreceptors), usually antibodies specific to pathogenic bacteria. When bacteria attach to the antibodies, the insulating properties of the cell membrane induce measurable electrical changes in the electrode (Radke and Alocilja, 2005a; Radke and Alocilja, 2004; 2005a; 2005b; Yang and Bashir, 2008) . Recently, Tan et al. (2011) integrated an electrochemical impedance spectroscopy (EIS)-based immunosensor, which was composed of an alumina nanoporous membrane with immobilized antibodies specific to foodborne pathogens, with a PDMS microfluidic system to detect E. coli and Staphylococcus aureus rapidly. This microfluidic immunosensor based on the impedance spectrum of the nanoporous membrane detected bacteria within 2 h with a sensitivity of 100 cells/ml in pure cultures.
In the "non-specific adsorption" method, cells are first separated, re-suspended, and concentrated with the help of magnetic nanoparticle-antibody conjugates (MNACs), functionalized with antibodies (against E. coli in the following example), and then spread uniformly on the surface of an electrode network. In 2007, developed an impedimetric biosensor based on the non-specific absorption of biorecognition elements for detecting E. coli O157:H7 in food samples. The impedance sensor detected a minimum of 7.4 × 10 4 and 8.0 × 10 5 cells/mL of E. coli O157:H7 in pure cultures and ground beef samples, respectively (Varshney and Li, 2009 ). The integration of this technology within a microfluidic system increased detection sensitivity to 1.6 × 10 2 and 1.2 × 10 3 cells/ ml of E. coli O157:H7 in pure cultures and ground beef samples, respectively, in 60-nl samples .
Label-free techniques
An intuitive way to separate target cells from a circulating flow is to use the cells' intrinsic and specific physical properties such as size, density, and deformability. These methods free cell detection from the laborious steps required for labeling cells. Systems have been developed to separate cells using mechanical properties of microfluidic flows, microfabrication, and integrated systems.
Hydrodynamic sorting In a microfluidic system, at a low Reynolds number, fluid streams follow a laminar flow. When particles such as cells circulate in a microchannel, the center of the particle follows a stream line. Hydrodynamic sorting relies on this behavior. Based on this principle, sorting systems have been developed using microchannel bifurcation or pinched-flow fractionation. In the bifurcation-based system (Fig. 6A) , several perpendicular channels branch out from the main channel, and at each intersection, a fraction of the fluid flows down the perpendicular channels, dragging cells closer to the walls. As the (Yamada et al., 2007) . (B) Schematic representation of four types of filters for size-based cell sorting (Ji et al., 2008) . (C) Dielectrophoresis system for cell sorting a wire of platinum (top) for trapping bacteria (Gagnon and Chang, 2005) .
cells travel downstream, they leave the main channel and enter the branched channels, with smaller cells leaving the main channel earlier. Yamada et al. (2007) for example, have used this system to separate hepatocytes and non-parenchymal cells from a pool of liver cells.
Physical filters
The size of a cell is the cellular phenotype observed most easily. Thus, cell size is a common criterion used for cell separation. Cells can be separated based on their size most simply by using physical filters. Four types of filtration have been reported in microfluidic systems: weir-type, pillar, cross-flow, and membrane ( Fig. 6B ) (Ji et al., 2008) . In weirtype filtration, a barrier is fabricated to constrict the height of the channel, with a space maintained between the barrier and the ceiling of the channel that allows fluids and small particles to pass through while retaining large particles. In pillar-type filtration, micro-pillars are spaced apart in an array along the microchannel to filter out particles. Cross-flow filtration is based on the same principle, but the flow is perpendicular to the micropillar array. Membrane filters contain well-defined pores that separate larger cells from the fluid and smaller particles. Sizebased filtrations face challenges such as clogging and fouling. However, designing micro-pillars (Tan et al., 2009) or using cross-flow systems (Chen et al., 2008b) can prevent cells from obstructing flow.
Dielectrophoresis One main limitation of whole-cell detection using microfluidic systems is the difficulty in detecting small numbers of cells in nl-volume samples. Among the methods used for whole-cell detection, dielectrophoresis techniques can concentrate the target cells within a specific area and thus amplify the signal for efficient detection (Cheng et al., 2007; Gagnon and Chang, 2005) . For example, Gagnon and Chang (2005) have developed a microfluidic device (Fig. 6C ) composed of microchannels aligned atop a thin continuous serpentine micro-wire of platinum. When alternating current passes through the wire, it generates an electro-osmotic flow that traps and concentrates cells in the micro-wire area and directs the cells towards a designated point on the device, while suspended particles are swept toward the outlet with the fluidic flow (Gagnon and Chang, 2005) . This system requires less than 100 μl of solution and can concentrate 10 3 particles/ml in a few seconds.
OTHER BIOLOGICAL PERSPECTIVE: ORGAN-ON-A-CHIP AND ORGANISM-ON-A-CHIP
Organ-on-a-chip Microfluidic systems offer the unique opportunity to fabricate cell culture systems, called organ-on-a-chip (Fig. 7) , that can simulate the biological activity, mechanical properties, and physiological and pathophysiological responses of whole organs and organ systems (Baker, 2011; van der Meer and van den Berg, 2012) . Examples of these include the lungs (Huh et al., 2010) , intestines (Kim et al., 2012) , or vasculature systems (Korin et al., 2012) . Two main laboratory techniques have been developed to fabricate organ-on-a-chip.
In the first, cells are cultured in a microfluidic device that mimics the organ microenvironment to direct cell organization and functions. For example, Huh et al. (2010) have developed a biomimetic microsystem that reproduces the functional alveolar-capillary interface of the human lung. In this embodiment, a PDMS microfluidic chip containing 3 parallel channels was constructed. The middle channel is composed of 2 opposing microchannels separated by a thin, porous PDMS membrane. Cells were cultured on each side of the membrane -alveolar epithelial cells on one side, and pulmonary microvascular endothelial cells on the other side. The 2 side channels were connected to a vacuum pump. A decrease of the pressure in the side channels pulls the sides of the middle channel, allowing a pressure-driven stretching of the porous membrane and, subsequently, of the cells, mimicking the cyclic mechanical strain of the alveolar-capillary complex observed during respiration in vivo. To validate the biological accuracy of their device, the researchers simulated diverse pathophysiological environments including inflammatory responses, absorption and toxicity responses to airborne nanoparticulates, and bacterial infection.
In the second technique for organ-on-a-chip fabrication, tissue samples are taken from a living animal and integrated to a microfluidic chip. One example is the recently developed arteryon-a-chip, a primary blood vessel on a chip that can assess functions and structures of intact blood vessels. In this system, shown in Fig. 7 , animal blood vessels are manually isolated, introduced into the microfluidic chip, and reversibly fixed for perfusion and studies (Gunther et al., 2010) .
Ultimately, human physiology results from the interaction of many different organs. To reproduce the organ-organ interactions observed in vivo, platforms to culture thick sections of whole living organs are usually used (Blake et al., 2010; (Huh et al., 2010) . Gut-on-a-chip: Top, Photographic images of the gut-on-a-chip PDMS device. Blue and red dyes have been introduced into the upper and lower microchannels, respectively. A cross-sectional view of the top and bottom channels (150 mm high) of the chip; square inset shows a top view of the porous PDMS membrane (10 mm pores). Bottom, A schematic of the gut-on-a-chip device showing the culture of gut epithelial cells on the flexible porous PDMS membrane in the central microchannel, and two vacuum chambers on both sides (Kim et al., 2012) . Artery-on-a-chip: Top, Schematic representation of an artery segment for the measurement of the transendothelial resistance (top) and of the chip (bottom) with the microchannel network, the loading well and the inspection area. Right, Representation of the reversible procedures for artery segment loading, fixation and inspection (Gunther et al., 2010) . Human-on-a-chip, Schematic representation of a human-on-a-chip concept in which different organs are integrated into a single microdevice and linked by a microfluidic circulatory system in a physiologically relevant manner (Esch et al., 2011 (Esch et al., ). al., 2011 van Midwoud et al., 2011a; 2011b) . In an alternative approach, researchers are working toward the development of a "human-on-a-chip", which integrates multiple compartmentalized microchambers in which cells are cultured to mimic multiple organs in the body (Fig. 7) (Esch et al., 2011) . Microchambers are interconnected by microchannels that are arranged to permit the recirculation and exchange of metabolites in a physiologically-relevant manner. However, early platforms lacked tissue-specific function due to a poorly relevant organ microenvironment in the microchambers. More recently, the integration of biomaterial and microfluidics has allowed the formation of a 3D microenvironment with heterotypic cell cultures that provide a more organ-relevant culture microenvironment for better physiological response of the systems (Sung and Shuler, 2009; Sung et al., 2010) .
Organism-on-a-chip
Caenorhabditis Elegans, Danio rerio (or zebrafish), and Drosophila melanogaster are model animals that have drawn great scientific attention because of their relative systemic simplicity, their similarity with mammals, their easy handling, and/or their relative transparency during their embryonic (D. rerio), larval (D. melanogaster) or entire life (C. elegans). To address specific biological questions, animal models must be studied in a wellcontrolled environment where a precise stimulus can be applied, and a specific behavior or phenotype studied. Despite great potential, conventional methods are facing several issues, particularly in the animal immobilization approach. Conventional immobilization methods, which include glue (Hilliard et al., 2005; Suzuki et al., 2003) , anesthetic (Fuger et al., 2007; Schmid et al., 2008) or dissection (Gunawardena et al., 2003; Pilling et al., 2006) , perturb the animal, leading to a misrepresentation of its behavior or phenotype. Microfluidics platforms have been developed as an alternative to immobilize animal with limited impact while providing a controlled environment in a highthroughput manner. Here, we will briefly review some of the devices developed for on chip study of worms, flies, and fish. (ii) Higher magnification photographs of the chip with a trapped worm, which nose is exposed to the buffer stream (dotted lines). (iii) Schematic representation of how the stimulus and buffer streams are directed by the side flows (gray). In the 'off' state (left), the channel 4 is open and pushes the stimulus stream to the exit. In the 'on' state (right), the channel 1 is open, and the worm is exposed to stimulus (Chronis, 2007) . (C) Fish-on-a-chip, Microfluidic chips for fish embryology study. Top, Schematic representation of micro fluid segment technique for screening and development studies on fish embryos. Bottom, Photo and 3D streamline of flow obtained by computational fluid dynamic simulations across the fully loaded device. Time-lapse images of developing fish embryos collected every 24 h Funfak et al., 2007, respectively) . Ghannad-Rezaie et al. (2012) reported a microfluidic-based immobilization methodology for time-lapse imaging in Drosophila larvae (Fig. 8A) . To overcome the inherent issue of organism immobilization, they regulated mechanical forces and the carbon dioxide supply to temporarily immobilize larva. The microfluidic chip is composed of an immobilization chamber, feeder channels and a CO 2 chamber on the top of the immobilization chamber, separated by a 10 μm thick PDMS membrane. A larva is introduced into the immobilization chamber and is anesthetized with CO 2 passing through the PDMS membrane. This 'larva chip' has been used successfully in the characterization of several subcellular responses to axotomy, including waves of calcium induction and changes in intracellular transport of vesicles that occur within seconds after axotomy, and axonal regeneration, which is initiated after a 7-h period of dormancy. While this work focused upon cellular responses to targeted injury of neurons, the microfluidic chips could be used for in vivo imaging of many different other pro-cesses in Drosophila larvae.
Fly-on-a-chip
Worm-on-a-chip Interestingly, the first microfluidic system developed to study worm behavior was aimed to study C. elegans in space (Lange et al., 2005) . Since then, microfluidics has been largely used for the study of C. elegans biology and physiology on earth (Ben-Yakar et al., 2009; Chronis et al., 2007; Pulak, 2006; Wlodko-wic et al., 2011; Zhang et al., 2005) . Chronis et al. (2007) have developed an 'olfactory chip' to study the olfactory sense of the worm. The chip is composed of a worm trap that immobilizes the worm and presents it to a chemical delivery system composed of four laminar flow microchannels (Fig. 8B) . The system delivers olfactory stimuli to the nose of the worm and neural responses to the stimuli are registered. Using this system, Chronis and coworkers have demonstrated that specific G-cAMP-expressing ASH neurons responded to the presentation of high osmotic-strength stimuli and to the removal of the high osmolarity solution.
Fish-on-a-chip Under conventional conditions, analysis and imaging of fish embryos and juveniles in a high-throughput and high-content manner remains challenging (Giacomotto and Segalat, 2010; Lammer et al., 2009; Westerfield, 1993; Wheeler and Brandli, 2009; Wlodkowic et al., 2011) . These limitations may be overcome with miniaturized lab-on-a-chip technologies that provide automated platforms for the manipulation and immobilization of micron-size organisms Hulme et al., 2010; Khoshmanesh et al., 2011; Lucchetta et al., 2006; Wlodkowic et al., 2011) as well as high-throughput screening (Sundberg, 2000) . Recently, several microfluidic-based methodologies have been developed involving droplet-based microfluidic systems (Funfak et al., 2007; Son and Garrell, 2009) or continuous-flow systems Choudhury et al., 2012; Pardo-Martin et al., 2010; Wielhouwer et al., 2011; . Droplet-based microfluidic systems have been the first technology to be used to study fish embryogenesis. In 2006, Funfak et al. (2007) introduced a microfluidic system composed of a Teflon ® microtube perfused with immiscible perfluoromethyldecalin (PP9) in which fish eggs in aqueous solution are introduced, resulting in the formation of droplets containing a single embryo each (Fig. 8C) . The development process of the fish embryos is observed over a time period of up to 80 h. After 5 days, the fish larvae may be collected from the droplets and transferred into breeding reservoirs for further experiments. More recently, Akagi et al. (2011) introduced a miniaturized embryo array that automatically traps, immobilizes, and perfuses fish embryos. The device, shown in Fig. 8C , is composed of a serpentine channels that contain embryo traps (where embryos are trapped and immobilized), suction channels (to draw embryos into the trap), and hydrodynamic deflectors (to enhance embryo trapping). Embryos are loaded in the chip one-by-one, once every 5 s. After entering the serpentine channel, embryos roll on the bottom surface of the main channels under the influence of drag force. An embryo approaching an empty trap is affected by the flow passing through the suction channel and directed toward the trap, which is designed to assure single embryo occupancy, and the unobstructed passage of other embryos in the main channel. The succeeding embryo rolls freely along the serpentine channel toward the next available trap. This process is repeated until all traps are occupied. After loading, the chip is perfused for long term culture (up to 72 h) and the normal and uniform development of all embryos may be observed.
CONCLUSION
In this review, we have presented a brief overview of how microfluidic systems may be applied to biological sciences from the molecular up to the multicellular organism level. Most of the systems described here remain proofs-of-concept. To be integrated fully into biological labs, further interdisciplinary collaborations are required to develop useful tools for routine experimentation. Microfluidics brings new tools for biology, and biology brings new application challenges to microfluidics. It is certain that applying microfluidic systems to the biological sciences will become routine in the near future, thus offering a wide choice of inexpensive, easy-to-use, and personalized tools for diverse types of research.
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